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The conformation of NAD + in tile sheep liver sorbitoi dehydrogenase-NAD + 
bi~lary complex has been investigated using time-dependent proton-proton 
transferred nuclear Overhauser enhancement measurements to determine 
interproton distance ratios and distances between bound NAD + protons. The 
conformation about both the adenosine and .nieotinamide riboside glycosidic 
bonds is anti, the conformations of the adenosine and nicotinamide ribose rings 
are C3'-endo and C l'-exo, respectively, and the conformations about the addnosine 
and nicotinamide riboside C4'-C5' bonds are g+ and t, respectively, similar to 
those found in complexes of NAD+:with other A type dehydrogenases. In 
addition, however, the distance data are indicative of an unusual overall 
conformation of NAD + in the sorbitol dehydrogenase-NAD + binary complex, 
with the planes of the nicotinamide and adenine rings separated by 6 to 8 A and 
at approximately 120 ° to each other. This overall conformation differs from the 
concensus extended conformation found in the NAD+-dehydrogenase complexes 
crystallized to date, where the planes of the nicotinamide and adenine rings are 12 
to 14 A apart and nearly perpendicular to each other. 

1. Introduction 

In ~/fl proteins, the loops linking the s t rands of fl-sheet are connected in a right- 
handed manner,  so, where there is a reversal of strand order, the connections lie 
on opposite sides of the sheet (Br[ind~n, 1980). This a r rangement  generates 
crevices in which, i n m a n y  cases, substrates or coenzymes bind (Br~ind6n, 1980). 
Sites of this kind (flail units) bind the coenzyme in dehydrogenases,  and were 
among the f i r s t  recurring supersecondary structures to be recognized (Ohlsson 
etal., 1974; Rossmann etal., 1974). A mononucleotide~binding fo ld ,  a n d  a 
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dinucleothle-binding fold were suggested (Rossmann et al., 1977), and genetic 
relation.~hil)s proposed (Rossmann et al., 1975). These present-day structures were 
suplmscd to derive from a structural unit that was present in a very early 
ances'~or, and developed into new enzymes throughout the history of life. 

This type of fl~tfl unit occurs in numerous and diverse proteins. The), include 
adenylate kinase (Pal et al., 1977), flavodoxin (Burnett et al., 1974), glutathione 
reductase (Schuiz et al., 1978), p-hydroxybenzoate hydroxylase (Wierenga et al., 
1979), methionyl-tRNA synthetase {Zetwer et al., 1982), phosphoglycerate kinase 
(Blake & Evans, 1974), phosphotTlase (Weber et al., 1978) and tyrosyl-tRNA 
synthetase (Bhat et ed., 1982). In all these enzymes, the flctfl unit is involved in 
nucleotide binding, though with functional variations and uncertain genetic 
relationships. In human bladder p21 protein a flotfl unit possibly binds GDP or 
GTP (or. Gay & Walker, 1983; Wierenga & Hol, 1983). Replacement of Glyl2 by 
Val (a guanine to thymine point mutation} in this protein produces a cancer- 
associated variant (Tabin et al., 1982; Taparowsky et al., 1982}, possibly because 
this change alters nucleotide binding (Wierenga & Hol, 1983) and results in 
autophosphorylation at a threonine residue (Shih et al., 1980). However, the 
three-dimensional structure is not known for either the normal p21 cellular 
protein or the homologous retroviral transforming gene product, and two 
interpretations of the Glyl2 to Val replacement have been proposed, each based 
on a different alignment and model (Wierenga & Hot, 1983; Gay & Walker, 1983; 
Walker et al., 1982). 

. 

A better knowledge of the structures and functions of fl~tfl units is c)earJy 
necessary. Particularly interesting will be cases where the functions of the 
proteins are known, where evidence of genetic relationships between the proteins 
exists, and where the three-dimensional structure of at least one of the proteins is 
available at high resblution. Horse liver alcohol dehydrogenase (Eklund et al., 
1976), yeast alcohol dehydrogenase (J6rnvali, 1977a) and sheep liver sorbitoi 
dehydrogenase (Jeffery el al., 1981,1984) fulfil these criteria. In this paper, we 
report the use of a novel n.m.r, technique, namely time-dependent proton-proton 
transferred nuclear Overhauser enhancement measurements (Clore & Gronenborn, 
1982a,1983), to determine interproton distance ratios and distances between 

NAD + 

H H 

~'N6 Adenine Nicotinamicle H4 0 

Ribose 0 0 Ribose 

Pyrophosphote 

Fin. I. Cl,e,nical structure of NAI) +, In the text protons of the adenosine and nicothmmide riboside 
mdieties are distingui,ht~! by the Kubw~ript~ A and N, respectively. 
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bound  ligand p ro tons  for N A D  + bound to S D H a s e t .  We  show tha t  a l though  t h e  
glycosidic bond and ribose c o n f o r m a t i o n s o f  bo th  the  adenosine  and n ico t inamide  
moiet ies  of  N A D  + in the  S D H a s e - N A D  + b ina ry  complex are similar  to those  
observed  in complexes  with the  horse and  y e a s t  alcohol dehydrogenases  
(Oronenborn  & Clore, 1982a; Clore & Oronenborn ,  1983), the overall  confo rma t ion  
of  N A D  ÷ in the  S D H a s e - N A D  ÷ complex appea r s  to be different  and unusual ,  
folded though no t  s t acked ,  wi th  the  plaices of  the  n ico t inamide  and a~denine rings 
separa ted  by  6 to  8 A and a t  a p p r o x i m a t e l y  120 ° to each other .  This  finding is 
s o m e w h a t  surpris ing in the  light of  initial a t t e m p t s  to fit the  amino acid sequence  
()f S l ) H a s e  to the  c rys ta i lographica i ly  de te rmined  s t ruc tu re  of  horse liver alcohol 
dehydrogenase ,  which  sugges t  a model  for S D H a s e  t h a t  appea r s  to be no t  easi ly  
( .ompatible with the  p resen t ly  "deduced N A D  + conformat ions  (Eklund,  H. ,  
Briind6n, C.-I., J6 rnva l l ,  H.  & Jeffery ,  J . ,  unpub l i shed  data) .  

2. Materials and Methods 

SDHase was purchased from Boehringer Mannheim GmbH and was 93% pure as judged 
by sodium dodecyl sulphate/polyaerylamide gel electrophoresis. After extensive dialysis 
against 50 raM-potassium phosphate, pH 7.2 (meter reading uncorrected for the isotope 
effect on the glass electrode) and 0.1 mM-dithioerythritol in D20 , the solution was clarified 
by centrifugation and used without filrther purification. NAD ÷ and 5'-AMP were obtained 
from Sigma Chemical Co. Ltd, lyophilized from D20, and used without further 
purification. All other chemicals used were of the highest purity commercially available. 
Samples for I H-n.m.r. contained 3"6 m.~l-nucleotide and 0"07 m.~l-SDHase (corresponding to 
0.28 m,~i in nucleotide binding Sites). (The concentration of SDHase was calculated on the 
basis of the Sl)Hase subunit sequence, which eonsist,~ of 354 amino acid residues and gives 
a calculated molecular weight of 37,837; the native enzyme has a tetrameric quaternary 
structure so that, the molecular weight of native SDHase is 151,348; Jeffery el al., 1984). 
Under these conditions the nucleotide binding sites are completely saturated with NAD + 
or 5'-AMP so that  the ratio of free to bound nucleotide was 12. All experiments were 
carried out at 5°C. (Untbrtunately, suitable conditions for carrying out n.m.r, experiments 
could not be obtained for nicotinamide mononucleotide as 'it was found to bind too weakly 
(K~ < 100 ,~I -I) to SDHase.) 

J H n.m.r, measurements were carried out at  270 MHz using a Bruker WH-270 
spectrometer. 480 transients were averaged for each spectrum using 4096 data points for a 
4.2 kHz slmctral width, and, prior to Fourier transformation, the free induction decay was 
multiplied by an exponential function equivalent to a line broadening of 2 Hz. The pulse 
sequence used in the time-dependent TRNOE experiments was (t~ - u ] 2 -  A T -  t 2), where 
the selective irradiation at a chosen frequency was applied during the time interval t~ 
(0.002 to 0.8 s), A T  is the acquisition time (0.487 s) and t 2 is a delay (4 s) to allow for 
complete recovery of magnetization of all protons to their equilibrium values prior to 
perturbation by the selective radiofrequeney field. Chemical shifts are expressed relative to 
2,2-dimethylsilapentane-5-sulphonate (used as an external standard). 

The chemical structure of NAI) + together with the nomenclature used to number the 
prt)tons is shown in Fig. I. The assignments of the base and sugar HI '  proton resonances 
of free NAD + were taken from Sarma & Mynott  (1973). Homonuelear decoupling 
experiments were used to confirm these assignments and to obtain the assignments of tile 
other sugar proton resonances. In the presence of SDHase, free and bound NAD + are in 
fast exchange on the chemical shift scale so that  only a single set of averaged ligand 

Abbreviations used: Sl)Hase, sheep liver sorbitoi dehydrogenase (L-iditol :NAD + 5-oxidoreductase, 
F]C I.l.I. 14); NOE, nuclear Ovcrhauser effect; TRNOE, transferred nuclea'r Overhauser effect; n.m.r., 
nuclear magnetic resonance; p.p.m., parts per million. 
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resonances is seen at approximately the positions of the corresponding resonances of free 
NAI) + Because of exchange broadening, certain groups of resonances are superimpose.d 
into a single averaged ligand resonance and can no longer be resolved individually, in 
particular the HA 2 and Hn5 resonances, the HAl' and HNI' resonances, the HAg', Hn2' and 
Hn4' resonances, the HA4', Hn'3 ~ and HN5' resonances, and the HA5', HA,5" and HnS" 
resonances. In the time-dependent TRNOE measurements, the irradiation power was 
sufficient to be in the high power limit so that  saturation can effectively be considered to be 
instantaneous, whilst preserving selectivity so that  only a single averaged resonance at a 
time was saturated (Clore & Gronenborn, 1983). I t  should also be noted that the bandwidth 
of the applied radiofrequency field is ~ I/l (where t is the time for which it is applied), and 
the ratio of fret; to bound ligand of 12 was chosen so as to ensure that  all initial slopes of 
the TRNOEs couhl be measured from irradiation times of ~50  ms. 

As an initial procedure We systematically irradiated the spectral region from 3.4 to 
7.2 p.p.m, at 20 Hz (0.074 p.p.m.) intervals using a 0.4 s pre-saturation pulse. This region 
covers all the sugar resonances of NAD + anti 5'-AMP and the a and fl CH protons of the 
protein. In this procedure the selectivity of the TRNOEs is maintained since, in general, 
the extent of spin diffusion from indirect cross-relaxation via protons of the protein is 
alJproximately indelmndent of the irradiation frequency providing this is placed within the 
i~rotein res(,~mnce envelotm (CIore & Gronenborn, 1983; and see for example Figure 5 of 
CIore & Gronenborn, 1982a, and Figure I of Clore & Gronenborn, 1982b). All the observed 
TRNOE effects on the ba.~e and H l' proton resonances were maximal and centred at the 
positions of the averaged ligand resonances strongly suggesting that these TRNOEs arise 
solely as a result of cro~-relaxation between bound ligand protons. It should be noted, 
however, that in the absence of completely deuterated SDHase, it is impossible to exclude 
absolutely a direct TRNOE between a bound ligand proton and an ~ or fl CH proton of the 
I~rotein with a resonance position identical to that  of one of the averaged ligand resonances. 
Such a possibility, however, is very unlikely on four counts: (I) the ~ and fl CH resonances 
fi*r a protein of M, ~ 150,000 are broad (Avll 2 > 50 Hz) and therefore difficult to saturate 
completely so that even with effective direct cross-relaxation between an ct or fl CH proton 
and a bound ligand proton a lag phase would be observed in the time development of the 
TI~,NOE; (2) one would not exlmct an ct or fl CH proton of the protein to be less than 4 A 
from a bound iigand proton; (.q)in our experience with other mono- and dinucleotide 
ligand-protein systems, including yeast and horse liver alcohol dehydrogenases 
((~ronenhorn & Clore, 1982a), the cAMP receptor protein (Gronenborn & Clore, 1982b; CIore 
& (Ironenborn. 1982b) and the Ca 2+ ATPase in intact sarcoplasmic reticulum (Clore et al., 
(1982}, all TRN(}Es on the base and HI'  sugar resonances following irradiation within 
the sugar/,t/fl proton resonance envelolm have always been maximal and centred at the 
positions of the averaged sugar resonances; and (4) the complete set of observed TRNOEs 
is .~lf-consistent anti compatible with a single conformation of the bound dinucleotide. 

3. Results 

The  p r o t o n - p r o t o n  N O E  is a mos t  powerful  tool for s t ruc tu re  de t e rmina t ion  in 
solut ion ~ts it can be used to d e m o n s t r a t e  the  p rox imi ty  of  two p ro tons  in space  
and to de te rmine  their  separa t ion  (Noggle & Schirmer ,  1971; Redfieid & Gupta ,  
1971: Poulsen et al., 1980; Wagne r  el al., 1981). The  T R N O E  involves  the  
extens ion of  N O E  m e a s u r e m e n t s  to exchanging  sys t ems  such as i i gand-p ro te in  
complexes ,  making  use of  chemical  exchange  be tween  the free and bound  s ta tes  of  
the  rigantl to t ransfer  magne t ic  informat ion  concerning cross- re laxat ion be tween  
bound  ligand prototws from the bound  s t a t e  to the  free s t a t e  (Ciore & Gronenborn ,  
1982a, ! 983). 

Figure  2 shows t h e  270 M H z  IH n.m.r,  spec t rum of  3"6 mM-NAD + in the  
presence of  0-07 m M - S D H a ~  cor responding  to a rat io  of  free to b o u n d  N A D  + of  
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Flu. 2. 270 MHz IH n.m.r, spectrum of 3.(| lnM-NAD + in the presence of 0.07 m,~l-SlJHa.se 
corresponding to a ratio of free txJ l)ound NAD + of 12. Chemical exchange between free and bound 
NAD + is fast on the chemical shift scale so that  only a single set of averaged exchange-broadened 
ligand resomulces is seen at approximately the positions of the corresponding resonances (if free 
NAI) +. The a,~signmcnts of the averaged NAD + resonances are indicated. Other expcriniental 
conditions are given in the Matt,,rials and Methods section. (Peaks marked with an x are low molecular 
weight impurities.) 

about 12, together with the assignments of the NAD + proton resonances. The 
I)inding of NAD + to SDHase is weak (K -~ 5 x i04 M-I; Christensen et al. ,  1975) 
and chemical exchange between free and bound NAD + is fast on tile chemical 
shift scale so that  only a single set of averaged exchange-broadened ligand 
resonances is seen at approximately the positions of the corresponding resonances 
of free NAD +. Thus, the TRNOE experiment  involves irradiating each averaged 
ligand resonance in turn and observing the effect on the intensities of the other 
averaged ligand resonances. In a multiple spin system the initial slope of the time 
development  of the TRNOE, N i ( j )  , observed on the averaged iigand resonance of 
proton i following irradiation of the averaged iigand resonance j, is given by the 
weighted average of the cross-relaxation rates between protons i and j in the free 
and bound states (Ciore & Gronenborn, 1983). In the case of NAD + free in 
solution, however, rio NOEs could be observed between any proton pair for 
irradiation times <0.5 s so that  the initial slopes of the TRNOEs observed in the 
NAD+-SI)Hase  system are simply given by: 

dNiO" ) 
= (1 --a)a~.j. (1 )  

dt =o 

where ai.~. is the cross-relaxation rate between the bound ligand protons iB and jR, 
and a is the mole fraction of free ligand. Equation (1) is valid providing that  in 
the ease of the bound ligand protons, i .  and Js, either 

Io*i.j.I > I ¢., .  I, I ~,.~. I (2) 
o r  

I~r;.j.I > I ~rj.~.l, I aj.~-.I, (3) 
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where ~r;,t. and ~j,i, are the cross-relaxation rates between a third bound ligand 
proton In and the bound ligand protons i n and jn, respectively, and a;,~ and ~rj.~. 
are the cross-relaxation rates between a protein proton kx in the iigand-protein 
complex and the bound ligand protons i B and in, respectively (Clore & Gronenborn, 
1983). The two conditions (2) and (3) are sufficiently discriminating to ensure the 
validity of equation (1) for all time-dependent TRNOEs measured in this paper, 
as, in practice, to break both conditions would require the bound iigand proton I n 
or the l)rotein proton kx to be less than -,-2 A from both bound ligand protons i B 
and jn- Using equation (1) cross-relaxation rates between pairs of bound ligand 
protons can therefore be determined directly and with ease, thus enabling 
distance ratios between any two such pairs of protons to be calculated, or, if one 
of the interproton distances is known, interproton distances to be calculated from 
the equation: 

r,,j , /rl , , , ,  __ ( ff l,,,,/(T i,j,) 1/6 (4) 

(assuming a single correlation time for all the corresponding interproton distance 
vectors). 

The complete time dependence of the TR.NOE observed on an averaged ligand 
proton resonance i following irradiation of an averaged ligand proton resonance j 
is multiphasic, but for the purpose of description can be divided into two kinetic 
phases (CIore & Gronenborn, 1983). When the distance r,. j, is less than 4 A, direct 
cross-relaxation between the two bound ligand protons iB and Ja is an effective 
process and the initial phase is characterized by a decrease in the intensity of the 
averaged ligand proton resonance i from which the initial slope and, hence, the 
ero~..relaxation rate a~,~, can be determined. When r;,j, is greater than 4 A, 
however, the initial phase is characterized by a lag owing to the fact that direct 
~.ross-relaxation between protons in and j~ is insignificant, and, consequently, ai, j, 
cannot be determined. The second phase is characterized by a progressive 
decrease in intensity of the averaged iigand proton resonance i due to highly 
effective indirect cross-relaxation i)etween many protons, a phenomenon known as 
spin diffusion. 

The time dependence of the TRNOEs ol)served on the averaged H~8, HA2/Hn5, 
Hal ' /Hnl ' ,  Hn6, Hn4 and HN2 resonances of NAI) + following irradiation of the 

! O .8  I-6 0.8 

0 . 6  Ha 8 1"2 Ha2/HN 5 O'6 HH4 
HaI,/HNI, H~2 

0 ' 4  H'e6 0"8 O " 4 •  I • = ~ ~ I " I 1 I 
0 0 .2  0 .4  0 ,6  0 .8  0 0 .2  0 .4  0 .6  0 .8  0 0"2 0 .4  0"6 0 .8  

Time ( s ) 

Fro. 3. Time dq:l~mh~nce ~Jl: the TI(,N()E.~ obser~'ed on the averag~l HAS. 11^2/Hn5, H^I'/Hnl', H~6, 
It.¢1 aml !1~2 n~v.~nan(~-~ of NAI)* following irradiation of the: averaged H^3'/HN2'/Hn4'.resommce of 
NAD* in the prt..~.n,.~ of SI)H~.~e with a ratio of fr~. = to bouml ligand of 12. The experimental 
t~mdition~ art. as in tht" Fig. 2 legt.nd. 
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averaged HA3'/HN2'/HN4' resonance of NAD + in the presence of SDHase with a 
ratio of free to bound ligand of 12 is shown in Figure 3. It can be clearly seen that  
the time-courses of the TRNOEs observed on the averaged HA8, HAI'/HNI' and 
HA2/HN5 rcsonances are characterized by a rapid initial decrease in intensity 
indicative of effective and significant direct cross-relaxation, whereas those 
observed on the averaged HN4 and HN2 resonances are characterized by an initial 
lag phase indicating that direct cross-relaxation is insignificant. The complete set 
of observed initial rates for the time development of the TRNOEs in the NAD +- 
SDHase system is collected in Table ]. 

Although there are both overlap and superposition of the sugar resonances of 
the adenosine and nicotinamide riboside moieties of NAD +, the interpretation of 
the time-dependent TRNOE data is relatively straightforward. 

Thus, considering the adenosine moiety of NAD +, the initial slopes of 1.72 s- l, 
1.47 s-  i and 0.33 s- 1 for the decrease in intensity of the averaged H^8 resonance 
following irradiation of the averaged HA2', HA3'/HN2'/HN4' and HAI'/HNI' 
resonances, respectively, can be accounted for by direct cross-relaxation, in order 
of decreasing magnitude, between the HA8 proton and the HA2', HA3' and HAl' 
protons, characteristic of an anti conformation about the glycosidic bond. The 
presence of an initial lag phase in the intensity of the averaged HA8 resonance 
following irradiation of the averaged HA5'/HA5"/HN5' resonance indicates that  
both the HAS' and ilA5" protons are separated by >4 A from the HA8 proton so 
that the conformation about the CA4'--CAS' bond must be g+. Qualitatively the 
same results were obtained with 5'-AMP. 

Similarly, in the case of the nicotinamide riboside moiety of NAD +, the initial 
slopes of 2.94 s -1, 1-67 s -1, 0.96 s-1 and 0.36 s-1 for the decrease in intensity of 
the averaged HN6 resonance following irradiation of the averaged HA3'/HN2'/HN4', 
HA4'/HN3'/HN5', HA5'/HAS"/HN5" and HAI'/HN]' resonances, respectively, and the 
initial slope of 2.17s -1 for the decrease in intensity of the averaged HN2 
resonance following irradiation of the averaged HAI'/HNI' resonance, can be 
accounted for by direct cross-relaxation, in order of decreasing magnitude, 
between the HN6 proton and the HN2', HN3', HN5" and HNI' protons, and by 

TABLE l 

Initial slopes of the T R N O E s  observed in the N A D + - S D H a s e  system 
with a ratio of free to bound N A D  + of 12 

Irradiated averaged Initial slope of TRNOE on observed 
ligand rcsonam~ averaged ligand resonances (s - I )  

HA8 HA2/HN5 HN6 HN4 HN 2 HAI'/HNI' 
HAI'/HNI' 0.33 lag 0"36 lag 2.17 - -  
H^2' I "72 lag lag lag lag 1.67 
H^3'/HN2'/HN5' 1.47 1-64 2-94 lag lag 2.18 
HA4'/HN3'/HN 5' 0.72 1-66 1.67 lag lag 2.18 
HA5'/H 5̂"/HN5" lag lag 0.96 lag lag 1.86 
H^2/HN5 lag - -  1-85 1.47 l ag  lag 

The exl~erinmntal conditions are tile same as those given in tile Fig. 2 legend. 



5~iql A . M .  G R O N E N B O R N  ET AL,  

direct cross-relaxation between the HN2 proton and the HNI' proton. These 
observations are characterist ic of an anti conformation about the nicotinamide 
glycosidic bond, and a t conformation about  the CN4'-CN 5' bond. 

The initial slopes of 1-67s - I  and 2.18s - l  in the decrease in intensi ty of the 
averaged HAI'/HNI' resonance following irradiation of  the averaged HA2' and 
HA3'/HN2'/HN4' resonances are simply accounted for by direct cross-relaxation 
between the HAl' and H^2' protons and between the HNI' and HN2' protons. 

Bearing the above observations in mind, we are left to account for three further 
observations. 

(1) The initial slopes of 1-66 s-1 and 1.64 s-1 for the decrease in intensity of 
the averaged HA2/HN5 resonance following irradiation of the averaged 
HA4'/H~3'/HN5' and HA3'/HN2'/HN4' resonances, respectively. 

(2) The initial slopes of 2.18 s -1 and 1.86 s - l  for the decrease in intensity of the 
averaged HAI'/HNI' resonance following irradiation of the averaged 
HA4'/HN3'/H,~5' and H^5'/HA5"/HN5" resonances, respectively. 

(3) The larger value for the initial slope of the TRNOE on the averaged HN6 
resonance (1.85s -1) than for tha t  on the averaged HN4 resonance (1.47s -1) 
following irradiation of the averaged HA2/H~5 resonance, given tha t  the two 
distances rH~6-~i~ and rE~o_~ ~ are both equal (2.46 A) and no difference in 
correlation t ime for the HN6-HN5 and HN4--HN 5 distance vectors would be 
expected. 

Given the glycosidic bond and C4'-C5' bond conformations of the adenosine and 
nicotinamide riboside moieties of bound NAD ÷ deduced above from the time- 

Fro. 4. Conformation of NAD + bound to S[)Ha~, deduced from model building on tile basis of the 
interprvton distances between pairs of  bound ligand protons given in Table 2 derived from the time- 
dependent TRNOE measurements. (,See Table 3 and the text for further details.) 
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TABLE 2 

Cross-relaxation rates between pairs of bound liffand protons in the NAD+-SDHa~e  
and 5'-A M P-SDHase  complexes determined from time-dependent T R N O E  

measurements together with the interproton distance ratios and distances derived 
from them 

NAD + 5'-AMP 

Distance Distance 
Proton pair a;,~. (s-  l ). ratios b rl.j, (A) e a~,j, (s-  i)o ratios b rl.j ' (A)¢ 

Intra-nicotinamide ru~ tiNl./rl.j. 
riboside moiety d 

HNI'-HN6 4.3 0"74 3.1 l 
HNI'-HN2 26"1 1"00 2'30 
HNI'-HN2' 26.2 l '00 2.30 
HN2'-HN6 35.0 i "05 2.19 
H ~:I'-H N 6 20.0 0.96 2.4 i 
Hx5"-HN6 I !.5 0.87 2.64 
H wS-H N4 17.6 0"94 2"46 
HN5-HN 6r 17.6 0"94 2"46 

lntra-adenosine moiety ~ ru,x .,.xJrl.j. 
H AI'-HA8 4.0 0"76 3"15 
HA2'-HA8 20.7 1.00 2.39 
HA3'-HA8 17.6 0.97 2.46 
H A I'-H^2' 20.0 0"99 2"41 

Inter nicotinamide r. .  ~ H^2/rl,j, 
riboside-adenosine 
moieties 

HN2'-HA2 19.7 1.00 2.41 
HN3'-HA2 19.9 !'01 2-41 
HN~b-H^2 f 4.4 0"78 3"10 
H N5'-H ̂  1' 26.2 I "05 2"30 
HN5"-HAI' 22.3 1-02 2.36 

rH~x II,~'~/Yimjl 
¢ 

42"0 1.00 2.13 
I I. I 0.80 2.66 
18.2 0"87 2.45 

• The cross-relaxation rates (%j,) are calculated from the initial slopes of the TRNOEs using 
equation (1). The relative errors, Aoi,j./o~.ja , in the values of the cross-relaxation rates are ~< +0-10. 

b Tile interproton distance ratios are calculated using equation (4). The errors in the values of  the 
distance ratios are ~< +0.03. 

c The interproton distances are calculated using equation (2) taking the cross-relaxation rate and 
distance between the HN5 and HN4 protons as a reference, and assuming a single correlation time for 
all interproton distance vectors. The distance rR~.a,~, calculated on the basis of s tandard bond lengths 
and angles for the nicotinamide ring, has a value of  2.46 A. Assuming an error of __.0.05 A in this 
estimate, the errors on the values of the other interproton distances are ~ __.0.15 A. The correlation" 
tinm for the HN5-HN4 vector in bound NAD*,  calculated from the cross-relaxation rate and distance 
between the bound HN5 and HN4 protons is ~ 7  × 10 - s  s. This value is within the range (6x 10 - s  to 
10 × 10 - s  s) predicted for the rotational diffusion time of a prvtein of Mr ~ 150,000 on the basis of the 
Stokes-Einstein equation. 

The TRNOEs between the following pairs of protons were ckaracterized by a lag phase indicating 
a separation of E4  A: HN2' and HN2, HN3' and HN2, HN5' and HN6, HN5' and HN2, HN5" and HN2. 

c The TRNOEs between the following pairs of protons were characterized by a lag phase indicating a 
separation of ;~4 A: in the case of both NAD + and 5'-AMP: HAl'  and H^2, HA2' and HA2, H^3'  and 
HA2, and H^5'/H^5" and HA2; in addition, in the case of 5'-AMP: HA l '  and H^8. 

r As tile HN5 and H^2 proton resonances are superimposed, the cross-relaxation rates between the 
H~5 and HN6 protons and between the H^2 and HN6 protons were calculated from the  initial slope of 
the TRNOE by assuming tha t  the cross-relaxation rate between the HN5 and HN6 protons is the same 
as that  betwcen the HN5 and HN4 protons. This is a reasonable assumption as the distances rHhoH ~ and 
r , ~  .,4 are both the same. (2.46 A) and no difference in the correlation time ofthese 2 distance vectors would 
be eximct~l. 
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dependent  T R N O E  measurements,  model building indicates, tha t  to account  for 
these three observations a conformation is required in which the bound NAD + is 
folded, but not stacked, with the H^2 proton of the adenine ring, in close 
proximity to the H~2', H~3' and HN6 protons of the nicotinamide riboside moiety,  
and the Ha i '  proton of the adenosine sugar ring in close proximity to the HN5' 
and ltNS" of the nicotinamide sugar ring (see Fig. 4). 

An alternative explanation is tha t  the three above observations might  be due to 
direct cross-relaxation between bound ligand protons and protons of the protein: 
in the ease of observations (l) and (2) this would involve the HA2, HN5, H^ l '  
and/or H s l '  protons and 0t and]or /~ protons of the protein with resonance 
positions identical to the averaged HA4'/HN3']HNS', H^3']HN2']H~4' and 
H^5'/HAS"/HN5" resonances; in the case of observation (3) this would involve the 
HN6 proton and a histidine C(2)H proton with a resonance position identical to 
the averaged H^2/HN5 resonance. However,  such an explanation is regarded as 
unlikely on two counts: (i) in the case of 5'-AMP in the presence of SDHase no 
direct TRNOEs  were observed either on the averaged HA2 or Ha l '  resonances 
following irradiation of the averaged H^3', HA4' or HA5']H^5" resonances; and (ii) 
in the case of SDHase alone no resolved histidine C(2)H resonances could be 
detected in the region of the averaged H^2/Hs5 resonance which lies downfield 

TABLE 3 

Structural parameters describing the conformation of NAD + 
and 5'-A MP bound to SDIlase determined by model building on the basis of the 

interproton distance ratios and distances given in Table 2 

Conformationa[ parameters NAD + 5'-AMP 

Torsion angles" 
ZA --75 ° (anti) 
6 A 80 ° (C3'-endo) 
?^ g* 
0~ g+ 
¢'A g -  
PA g+ to t 
P~ t 
¢1 s g+ to g-  
o.~ t 
7~ t 
8~ 110 ° (Cl'-exo) 
~,~ - 110 ° (anti) 

l)i.~tances 
C^6-C~2 (A) ~ 8.5 
NAI--N.,3 (A} ~6.5 

Angle between the planes of the nit~tinamide 
anti adenine rings -,- 120 ° 

- 70 ° (anti) 
100 ° (Ol'-endo) 

g÷ 

"The glyvonidie bond torsion angie~ are defined a.~ follows: ~^=O^I ' -C^I 'EN^9-C^4 for 
adenosine; XN = Oral' - C  N 1' ~-NNI -C~2 for nieotinamide riboside. The other torsion angles are defined 
by: 0^3' - C^3' ~ CA4' ~ CA5' ~ OA5' ~ P^ e, O~ e., PN ~ Or~5' 72 Ca~5' E C~4' 72 Cs3' - 0~3'. The error in 
the determination of Z^, ZN, 6^ and ~N is ~- -I-5 °. 
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from the main aromatic protein proton resonance envelope. I t  should be noted 
that  this does not mean that  there are no histidine C(2)H resonances in this region 
but simply that  they are broadened beyond detection due to the large molecular 
weight of the protein; such broad resonances cannot be completely saturated so 
that  even if direct cross-relaxation between the HA2 and/or HN5 proton and a 
histidine C(2)H proton was effective, the TRNOE would be expected to exhibit a 
lag phase. 

To obtain a more detailed picture of the conformation of NAD + bound to 
SDHase we have calculated the cross-relaxation rates between pairs of bound 
ligand protons from t~e values of t h e  initial slopes of the time-dependent 
TRNOEs using equation (1). Interproton distances were then calculated from 
these cross-relaxation rates using equation (2) and taking the cross-relaxation rate 
and distance between the HN4 and HN5 nicotinamide protons as a reference. 
Thest~ data together with those obtained for 5'-AMP bound to SDHase are given 
in Table 2. From the interproton distance data, the values for the glycosidic 
bond and C3'-C4' bond torsion angles, the range of the other torsion angles, the 
values for the distances between the CA6 and CN2 atoms and between the NAI and 
NN 4 atoms, and the angle between the planes of the nicotinamide and adenine 
rings can be determined by model building and are collected in Table 3. 

4. Di.scussion 

Hydrogen transfer is stereospecific in dehydrogenases requiring nicotinamide 
coenzymes, and involves either the 4-pro-R position (A-side) or 4-pro-S position 
(B-side) of the nicotinamide ring (for a review see Jeffrey, 1982). High-resolution 
crystal structures of NAD+--enzyme complexes are available for three A-side 
specific dehydrogenases (lactate dehydrogenase, horse liver alcohol dehydrogenase 
and soluble malate dehydrogenase) as well 'as two forms of a B-side specific 
enzyme (glyceraidehyde-3-phosphate dehydrogenases from lobster and Bacillus 
stearothermophilus (Chandrasekhar et al., 1973; Abdallah et al., 1975; Webb et al., 
1973; Moras et al., 1975; Biesecker et al., 1977)). 

The main X-ray investigations (for a review see Briinddn & Eklund, 1980) 
together with recent work on horse liver alcohol dehydrogenase (Eklund et al., 
1981,1982a,b) have established the principal conformational features of the bound 
coenzyme. These are summarized in Table 4 and can be compared with the n.m.r. 
findings for yeast and horse alcohol dehydrogenases (Gronenborn & Clore, 1982a)" 
and the present findings for SDHase. Six main points deserve comment. 

(1) T h e  n.m.r, and crystallographic findings show a considerable measure of 
agreement !n the one case where both are available (horsealcohol dehydrogenase). 

(2) For the two alcohol dehydrogenases (n .m. r .  findings), the NAD + 
conformation is generally similar though not identical, and these are clearly 
related proteins, which do not have a high sequence homology (Jfrnvall, 1977b). 

(3) The NAD + conformations in lactate ~dehydrogenase, soluble malate 
dehydrogenase and glyceraldehyde-3-phosphate dehydrogenases are similar to 
those  in the two alcohol dehydrogenases:though there is n o  proven genetic 
relationship between them and the alcohol dehydrogenases: 
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TABLm 4 

Cmnparison of the conformation of NAD + bound to SDHase with those 
of NA D + bound to other dehydrogenases 

Yeast and horse 
alcohol 

SDHase dehydrogenase Crystallized 
(n.m.r. findings) • (n.m.r. findings) b dehydrogenases c 

Adenosine moiety 

Glycosidic bond 
Sugar pucker 
C^4'-C^5' bond 

Nicotinamidc riboside moiety 

Glycosidic bond 

anti anti anti 
C3'-endo C3'-endo C3'-endo 

g+ g- or t  g-  or t 

anti anti anti in A-type 
syn in B-type 

Sugar pucker Cl'-exo C3'-endo C2'-endo to C3'-endo 
C,u4'-C,~5' bond t g* g*, g -  or t 

Overall conformation 
of NAD +a 

Overall c~mformatlon Folded but " Extended 
not, stacked 

rv,~ c,~ (A) ~8.5 - -  14-16 
r x ' l  x.+ ( A )  " , ,6"5 - -  16-18 
Angle between the planes of the 

nic~tinamidc and adenine rings -,- 120 ° - -  ~90  ° 

• From this pal~r. 
b From Gronenborn & Ch:i~ (1982a). 

Crystallographic data: lactate dehydrogenase (Chandrasekhar et al., 1973; White et al., 1976; Grau 
el al.. 1981); ~luble malate drhydrogena,~e (Webb et al., 1973); horse liver alcohol dehydrogenase 
(Abdallah el al..  1975; Eklund et al. .  1981,1982a,b); glyceraldehyde-3-phosphate dehydrogenase from 
lobster (Mora,q el al.. 1975) and B..+tearothevmophilu.s (Bic~eker et al.,  1977). 

d A eompari,on of the baekbone torsion angles (with the exception of that about the C3'-C4' bond 
which defin¢.~ the sugar pucker and that about the C4'-C,5' bond) is difficult as th~se are quite varied. 

• The n.m.r, data are consistent with an extended conformation as no TRNOEs between the 
nicotinamide riboside and adenosine moieties, indicative of a folded conformation, could he detected 
(Gronenlmrn & Ciore, 1982a). 

(4) The principal conformational difference in the case of glyceraidehyde- 
3-phosphate dehydrogenase (syn instead of anti about the nicotinamide glycoeidic 
bond) makes the general conformational similarity compatible with the different 
stere0specifieity (B-side instead of A-side). 

(5) The overall NAD + conformation in the SDHase-NAD + binary complex is 
different despite, clear primary structure homology to both yeast and horse 
alcohol dehydrogen~e (J6rnvall et al., 1983). However, the glycosidic bond and 
ribose conformations for both the adenosine and nieotinamide riboside moieties of 
NAD + in the SDHase-NAD + binary complex are similar to those of NAD + 
bound to the other A type dehydrogenases. 

(6) Insofar as the other dehydrogen&~es all give a "consensus" conformation for 
dehydrogenase-bound NAD ÷ (extended with the  planes of the nicotinamide and 
adenine rings 12 to 14 A apart and approximately perpendicular to each other), 
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the different conformation in SDHase (tblded but  not stacked with the planes of 
the nicotinamide and adenine rings 6 to 8 A apar t  ant! at  about  120 ° to each 
other) is properly designated "unusual" .  This unusual conformation can, however, 
be converted into the conventional extended conformation by a simple change in 
the conformation about  the CA5'--OA 5' (0A) bond from g+ to t. I t  is also impor tan t  
to stress tha t  the present n.m.r, da ta  relate to the binary complex and not  the 
active ternary  complex, and thus do not exclude the possibility tha t  NAD + 
adopts the conventional extended conformation in the active te rnary  complex of 
SDHase. 

SDHase has a distinctive pr imary s tructure (Jeffery et al., 1984) much of which 
resembles both yeast  and horse alcohol dehydrogenases about  as closely as these 
alcohol dehydrogenases resemble one another  (Jiirnvall et al., 1983). The altered 
overall conformation of bound NAD + in the binary complex as well as the 
different specificity of SDHase affords excellent opportunit ies for defining 
s t ructure-f imct ion relationships among these proteins. The structural  differences 
here are more complex than the single point mutat ion of the p21 protein 
associated with bladder cancer, mentioned in the In t roduct ion (Tabin et al., 1982; 
Taparowsky et al., 1982). Nevertheless, many residues tha t  interact  with the 
coenzyme in horse alcohol dehydrogenase are conserved in SDHase (JSrnvall 
et al., 1984), and the explanation of the different conformation of the bound 
NAD + in the binary complex is not simple to unders tand and may lie in the 
structure of the interdomain region. Thus, the present s tudy demonstra tes  the 
need for cautious interpretat ion,  as well as the great  potential of the T R N O E  
technique. 
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